2 0 3 1 conformation analysis. We also showed that the X chromosome structures were 3 2 similar in spermatogonial stem cells and FGSCs. Using integrative analysis of the 3 3 three-dimensional chromatin structure, we observed that the TADs were attenuated in 3 4 germinal vesicle oocytes and disappeared in metaphase II oocytes during FGSC 3 5 development. Finally, we identified conserved compartments belonging to the 3 6 paternal/maternal genomes during early embryonic development, which were related 3 7
We counted the numbers of compartments and TADs in the cells and showed that 1 3 8
FGSCs had the lowest number of TADs, and the number of compartments was similar 1 3 9
to that in SSCs ( Figure 2C and Table S3 ). We also calculated the average 1 4 0 intra-chromosomal contact probability of cells and found that the chromatin 1 4 1 interaction frequency decreased monotonically from 10 5 to 10 8 bp for FGSCs and the 1 4 2 other cells ( Figure 2D ). The contact probability curves were similar in five cell types 1 4 3 from 10 5 to 10 6.5 bp, but changes occurred at long-distance genome, as reported 1 4 4 previously 18 . Systematic analysis of the compartment status in FGSCs showed that genes had 1 4 8 higher expression levels in compartment A than in compartment B ( Figure S3A ), 1 4 9
indicating that compartment status was correlated with gene expression. Combining
with the ChIP-Seq data analysis, we observed that H3K27ac and H3K4me3 were 1 5 1 highly correlated with compartment status ( Figure S3B ). The genome browser 1 5 2
showed that H3K27ac was highly enriched in compartment A but not in compartment ( Figure 3A ). Furthermore, switching compartments of FGSCs accounted for a high 1 5 6
proportion (about 50%) of the total number in the genome compared with iPSCs and 1 5 7
STOs, but a smaller proportion (about 30%-40%) compared with SSCs and NSCs 1 5 8
( Figure S4A ). These results suggested that FGSCs had a unique A/B compartment 1 5 9
status that was more similar to other ASCs than to iPSCs or STOs. Additional
RNA-Seq data revealed that the genes located in the switching compartment tended to 1 6 1 be significantly differentially expressed compared with the stable compartments 1 6 2 ( Figure 3B ). This was consistent with ChIP-Seq signal results, which showed compartment compared with the stable compartment ( Figure S4B ). By calculating the 1 6 5 covariation between gene expression and compartment status, we identified a subset 1 6 6 of 1206 genes that were highly correlated with compartment status (Table S4 ). Gene Ontology (GO) analysis showed that these genes were particularly associated with 1 6 8 stem cell population maintenance and cell proliferation ( Figure S4C ). Among these,
Coprs, as an ASC marker located in the A compartment of FGSCs, SSCs, and NSCs, 1 7 0 showed higher expression than in iPSCs in which it was located in the B compartment, 1 7 1 consistent with a previous report 24 ( Figure 3C ). In addition, Nanog as a pluripotent 1 7 2 stem cell marker, showed higher expression in iPSCs, being located in the A ( Figure 3C ). These findings suggested that FGSCs had a unique compartment status 1 7 5 characteristic of ASCs, which could work together with histone modification to 1 7 6 9 regulate gene expression to determine their features.
7 7
We then identified the TADs in FGSCs using DI (Table S3 ). Well-defined TADs 1 7 8
were conserved in ~90% of the genome across cell types ( Figure 3D ). We classified 1 7 9
the TADs into five types: stable, merge, split, rearrangement, and unique. Most of the 1 8 0
TADs belonged to the stable type ( Figure 3E ), suggesting that TAD structure was 1 8 1 highly stable across all five types of cells, in accordance with a previous report 25 . FGSCs and the other cells ( Figure S5A ), suggesting that, although TAD domains were 1 8 4 stable, FGSCs had a distinct frequency of intra-TAD interactions. We further explored ( Figure 3F ), illustrating that genes were more activated in these TAD boundaries 1 8 8
( Figure S5B ). We classified the boundaries into cell-type-specific and common and 833 common boundaries, suggesting that most boundaries were stable across cell 1 9 1
types. Further study of the relationship between cell-type-specific boundaries and 1 9 2 gene expression indicated that gene expression changed significantly between specific 1 9 3 and common boundaries ( Figure S5C ). These results revealed that FGSCs had stable 1 9 4
TADs, but that gene expression was activated in the TAD boundary. Cell-type-specific Chromatin Loops Revealed FGSC Signature 1 9 7
We systematically analyzed the chromatin loops and identified 4832, 1906, 7004, respectively. Using a Venn diagram, we observed that only a few (n=177) chromatin 2 0 0 loops were shared across all cell types (cell-type shared loops) ( Figure 4A ), 2 0 1
suggesting that most chromatin loops were cell-type-specific and that FGSCs had 2 0 2 distinct chromatin loops. Furthermore, genes located in these cell-type-specific loops 2 0 3
were highly enriched in cell-type-related GO categories ( Figure 4B ). For instance, STOs, which was also most highly expressed in iPSCs ( Figure S6A ), suggesting that was related to compartment A/B status or to TADs, and found that 60% of 2 1 1 cell-type-specific loops were commonly localized in the switching compartments 2 1 2 ( Figure S6B ), while about 30% were localized in the stable TAD type ( Figure S6C ).
1 3
This suggested that the chromatin loops relied more on compartment switching to 2 1 4 regulate gene expression, and were not dependent on TAD type to exert their function.
1 5
We further examined the specific chromatin loops in FGSCs as GSCs by ChIP-Seq signals identified four major classes on active promoter (H3K4me3) and active enhancers were obviously different between FGSCs and SSCs ( Figure 4C ).
Meanwhile, GO enrichment analysis further revealed that specific loops with different 2 2 1 active promoters and enhancers were enriched in reproductive processes such as sex 2 2 2 differentiation, sexual reproduction, and reproductive development (Fisher's exact test, 2 2 3 P < 0.05; Figure S7 ). We divided these loops into two subsets: FGSCs lost and FGSCs 2 2 4 gained ( Figure 4D ). Dmrt1, as a conserved transcriptional regulator in male germ cells 2 2 5 required for the maintenance and replenishment of SSCs 29 , was looped in SSCs but 2 2 6 not in FGSCs. Hif1an, as a heterodimeric transcription factor related to interface with 2 2 7 stem cell signaling pathways 30 , gained loops in FGSCs and could be related to female 2 2 8 germline cell development ( Figure 4D ). Overall, these findings indicated that FGSCs 2 2 9
possessed cell-type-specific chromatin loops that provided the spatial space for 2 3 0 histone modification to regulate gene expression. One female X chromosomes is randomly inactivated during mammalian development correlation analysis of the Hi-C matrix in the X chromosome. The results showed that 2 3 7
SSCs and FGSCs had a strong correlation ( Figure 5A ). Furthermore, upon extracting 2 3 8 the eigenvectors of the whole chromosome interactions and using the first principal FGSCs, we found that the X chromosome was more similar (correlation = 0.87) than Figure S8 ). By analyzing the PC1 score of the X chromosome in FGSCs, SSCs, and 2 4 3 female embryonic stem cells (fESCs), considering that fESCs have two activated X 2 4 4 chromosomes (Xa), we observed that FGSCs were more highly correlated with SSCs 2 4 5 than with fESCs in the X chromosome ( Figure 5C ). This suggested that the X two-cell embryos ( Figure 6A ). A snapshot of TAD signals also showed that the TAD We further examined the changes in TADs during female germline cell Expectedly, the DI value was significantly reduced during female germline cell 2 8 1 development and reestablished in early embryonic development ( Figure 6C ).
8 2
Meanwhile, the insulation score showed that FGSCs had the strongest TAD and gradually increased in early embryonic development ( Figure 6D ). We further eight-cell embryos and FGSCs ( Figure 6E) . Overall, these results demonstrated that 2 9 0
TADs were attenuated and then disappeared during female germ cell development, 2 9 1 and reestablished during early embryonic development ( Figure 6F ), thus revealing the 2 9 2 pattern of TADs throughout female germ cell and early embryonic development. Previous findings have reported the chromatin structure of the maternal genome is 2 9 6 different with the paternal genome during early embryonic development 18, 19 . We 2 9 7 aimed to investigate how the conserved structures in these respective genomes indicating that the allelic chromatin structure was conserved in early embryonic ( Figure 7A) . Interestingly, the paternal genome clustered with the maternal genome at 3 0 7 the two-cell embryo stage, but was completely separate at the eight-cell stage, Furthermore, we observed some regions of compartments in allelic genome were 3 1 1 conserved during the early embryonic development ( Figure 7B ). We then paternal genome had more conserved regions than the maternal genome ( Figure 7C) ,
indicating that the paternal genome was more conserved. Comparing the conserved 3 1 6
regions, some allelic-specific conserved regions were identified by Venn diagrams 3 1 7
( Figure 7D ). By enriching for imprinted genes with Fisher's exact test (P < 0.05), we 3 1 8
found that the allelic-specific regions were significantly related to imprinted genes 3 1 9 (Table S5 ) such as Igf2r, Dlk1, and Dio3, which were reported to highly express in 3 2 0 maternal or paternal 36, 37 . The results suggested that those imprinted genes were affected by the allelic-specific conserved region, which could regulate paternal or 3 2 2 maternal development. developmental processes [40] [41] [42] . It is therefore essential that stem cells are characterized also responsible for passing on genetic information to the next generation. The 3 3 7 stability of that genetic information is affected by the high-order genome organization To identify the chromosome structure character of FGSCs, we compared FGSCs is related to Notch signaling, could be a potential marker for female germline cells.
3 5 1
Our findings indicated that FGSCs belong to ASCs in the high-order organization, and further confirmed the existence of FGSCs, consistent with the previous reports for 3 5 3 cellular and molecular characteristic [4] [5] [6] [7] 44, 45 .
3 5 4
Previous studies indicated that both FGSCs and SSCs have their own unique 3 5 5 epigenetic signatures 44, 46 . We analyzed and compared the 3D genomic architectures 3 5 6
of FGSCs and SSCs, and revealed that GSCs had their own unique high-order 3 5 7
chromatin organization, especially in terms of A/B compartments and chromatin loops. Although FGSCs have one more X chromosome than SSCs, the architecture of the X 3 5 9 chromosome in FGCSs was more similar to SSCs than to autosomes, suggesting that
FGSCs maintain a balance of gene expression with SSCs by inactivating one X that it was separated into two domains by a region containing Dxz4, which has been 3 6 3
reported to be an essential regulator of X chromosome inactivation 32 . Meanwhile, 3 6 4
deconvoluted Xi data showed that Xist was also located in a region showing moderate 3 6 5
interactions with a TAD-like structure, consistent with previous findings 32 . These Interestingly, recent studies reported that the chromatin architecture changed 3 6 9
dynamically during spermatogenesis, with dissolved and then reappeared TADs and 3 7 0 compartments 16,17 . On the contrary, TADs were attenuated and then disappeared in appear in two-cell embryos, suggesting that this stage could play an essential role in 3 7 3 genome organization, including paternal/maternal chromatin reprogramming. We maternal genome at the two-cell stage, but was completely separate at the eight-cell 3 7 7 stage, consistent with the above results. In conclusion, we present a comprehensive overview of the chromatin 3 7 9
organization of FGSCs to create a rich resource of high-resolution genome-wide maps. and their potential and actual clinical applications. X-inactivation centre. Nature 485, 381-385, doi:10.1038 Nature 485, 381-385, doi:10. /nature11049 (2012 . Genome biology 16, 152, doi:10.1186/s13059-015-0728-8 (2015) . signatures involved in unipotency of mouse female germline stem cells. 
